Plain Language Summary {#Sec01}
======================

Childhood nearsightedness (myopia) is increasing in both incidence and severity. Given the association of myopia with many serious eye diseases, multiple techniques have been used to try to slow the progression of myopia---increasing sunlight exposure, nightly hard contact lenses to reshape the surface of the eye, bifocals to reduce near vision strain, and medicated eye drops. Atropine eye drops appear to have the strongest effect in reducing myopia, but can also dilate the pupil and blur near vision. In recent Asian studies, a very dilute concentration of atropine, 0.01%, has been shown to have reasonable efficacy compared with the standard 0.5% or 1% concentrations in reducing myopic progression, but with minimal pupil dilation and no blurred near vision. This study examined the effects of atropine 0.01% on myopic progression in a multiethnic, geographically diverse US population to see if those results are applicable to other populations. Children ages 6--15 years with myopia were divided into cases that received nightly atropine 0.01% in addition to eyeglasses and controls who only received eyeglasses. After 1 year of treatment, the atropine-treated patients had only 1/3 the myopic progression of the controls without atropine. After 2 years, only 37% of the atropine group had sufficient myopic progression to require new eyeglasses compared with 80% of the control group. Importantly, there were no significant adverse effects noted in the atropine group. These results demonstrate that atropine 0.01% eye drops can be effective in reducing myopic progression in an ethnically diverse US population.

Introduction {#Sec1}
============

Myopia is a major public health concern with both increasing incidence and increasing severity in the USA \[[@CR1], [@CR2]\]. In the USA, an estimated 42% of the population is myopic, up from 25% in the 1970s \[[@CR1]\]. Over 1/3 of children will become myopic by adulthood \[[@CR2]--[@CR4]\] and that proportion appears to be growing at an alarming rate \[[@CR5]--[@CR7]\].

Childhood myopia typically presents between 6 and 12 years of age \[[@CR3]\]. According to the American Academy of Ophthalmology (AAO), the mean rate of progression of primary myopia is 0.5 D/year, based on studies of mostly Caucasian children \[[@CR1]\]. For the increasing proportion of children with higher myopia (− 6.0 D or worse), there is a concomitant increase in the risk of severe and irreversible loss of vision over time, including retinal detachment, subretinal neovascularization, early and dense cataracts, and glaucoma \[[@CR4], [@CR7]\]. The rapid increase in the prevalence and severity of myopia is becoming a worldwide public health issue; therefore, finding methods to reduce progression of myopia is becoming increasingly important in industrialized nations \[[@CR7]\].

Recently it was demonstrated in a study of 400 myopic children from Singapore that daily atropine 0.01% eye drops reduced the annual increase in mean spherical equivalent of refraction (SER) compared to the placebo arm of a prior study \[[@CR8], [@CR9]\]. Concentrations of topical atropine evaluated in multiple Asian trials have ranged from 1% to 0.01%, but the 0.01% concentration had shown the most durable effect on stabilizing the SER, plus had the benefit of the lowest incidence of side effects and the least likelihood of regression following cessation of treatment.

The measure of refractive change in SER/year is accepted globally as a clinically relevant marker for the progression of myopia. The atropine for the treatment of myopia (ATOM) 1 study included children 6--12 years of age with myopia of − 1.0 to − 6.0 D. Over a period of 12 and 24 months, the average (± SD) change in SER for children in the placebo group was − 0.76 ± 0.44 D and − 1.20 ± 0.69 D, respectively \[[@CR9]\]. This negative change on placebo was significantly larger than that found in atropine-treated eyes in the follow-up ATOM2 study, which assessed atropine concentrations of 0.01%, 0.1%, and 0.5% \[[@CR8]\]. After 2 years of atropine therapy, the average progression was − 0.30 ± 0.60, − 0.38 ± 0.60, and − 0.49 ± 0.63 D in the atropine 0.5%, 0.1%, and 0.01% groups, respectively. These data indicate the 0.5% and 0.1% doses were slightly more effective than the 0.01% dose. However, when atropine dosing was stopped for 12 months after 2 years of treatment, there was a rebound with worsening myopia in children originally treated with the higher concentrations of the drug, whereas those that received 0.01% atropine had minimal (− 0.28 D) change with preservation of myopia reduction in 74% of subjects \[[@CR10]\].

Since most studies with atropine for myopia were performed in ethnic Asian populations, it is not clear if the differences in the presentation and progression of myopia in other countries might be associated with a different response to low concentration atropine drops. One small, 32-subject, case--control study in a single US pediatric ophthalmologic practice suggested that atropine 0.01% significantly reduced the rate of myopic progression over 1 year with minimal side effects \[[@CR11]\]. Another small, uncontrolled study in Germany detected minimal pupillary dilation and an insignificant reduction in accommodation 24 h after initiating treatment \[[@CR12]\]. The current study was designed to amplify these prior data and to assess myopia progression in a much larger, multicenter, multiethnic group of children in the USA given nightly atropine 0.01% eye drops. The hypothesis of this study is that the mean SER increase in myopia over time from baseline would be less for atropine-treated children than for age- and refraction-matched controls.

Methods {#Sec2}
=======

Study Design {#Sec3}
------------

The study protocol and investigators were approved by IRB Company, Inc., a central institutional review board (IRB), that granted a waiver for informed consent for this retrospective chart review. The research also conformed to the principles of the Declaration of Helsinki and all data collection was compliant with the US Health Insurance Portability and Accountability Act.

This multicenter, case--control, retrospective study was designed to examine the magnitude of myopic progression in American children who were prescribed a privately compounded solution of atropine 0.01% eye drops compared to controls that were treated as usual without atropine for a period of at least 1 year (12 ± 2 months). Double-blinded physicians masked to the final refractive outcome reviewed the charts. SER was measured at baseline and at the 1-year follow-up visit; if available, SER values at 1.5 (1 year 2 months to 1 year 8 months) and 2 years (1 year 9 months to 2 year 5 months) were also collected. Data on demographics (gender, date of birth, ethnicity, and number of office visits), medical, and ocular treatment history were collected if available.

Charts documenting treatment with atropine 0.01% administered once daily at bedtime in both eyes were identified. The inclusion criteria for cases were ages at treatment outset from 6 to 15 years, baseline SER from − 0.25 to − 8.0 D in at least one eye, astigmatism (if present in either eye) less than or equal to − 2.0 D, and eye examinations spanning at least 12 ± 2 months of treatment. Cases with a medical history predisposing to severe myopia (e.g., Marfan syndrome, Stickler syndrome, retinopathy of prematurity), abnormal ocular refractive anatomy (e.g,. keratoconus, lenticonus, spherophakia), or previous intraocular or ocular laser surgery were excluded. Each case was age- and disease severity-matched to a control with initial myopia within ± 0.5 D and age within ± 6 months.

Atropine 0.01% was manufactured from atropine 1% or from atropine powder by private compounding pharmacies in the USA. Myopia treatment as usual included prescribing either non-bifocal, non-progressive, single-vision corrective lenses or, for smaller SER myopia, no treatment. Treatment compliance was not assessed. Refraction was performed at all examinations with or without cycloplegia at the investigator's discretion, although the initial refraction was most often done after cycloplegia. The eye with the greater myopic SER was selected (or the right eye if both eyes had identical SER) for analysis.

Outcome Measures {#Sec4}
----------------

The primary efficacy variable was progression of myopia, defined as the change from baseline SER, calculated as D/year, at 1, 1.5, and 2 years. For a secondary efficacy outcome, sensitivity analysis defined myopia progression of at least − 0.75 D as a clinically significant worsening (based on expert opinion from the 2016 FDA Workshop on myopia progression \[[@CR3]\]).

The safety profile of atropine 0.01% eye drops was assessed through review of treatment emergent adverse events (TEAEs) recorded in the charts. Any recorded medical finding that occurred after the administration of the study medication was considered a TEAE.

Statistical Analyses {#Sec5}
--------------------

The primary hypothesis was tested using a two-sided paired *t* test for the change in SER from baseline. A one-sample Wilcoxon rank sum test was also used to test the robustness of the above test. Summary statistics for continuous data included computations of the average, standard deviation, median, minimum, and maximum. Frequency distributions were carried out for discrete variables. All analyses were performed using SAS^®^ Version 9.3. Results were considered statistically significant with a *P* value less than 0.05. Approximately 100 cases and matched controls were included, giving the study 93% power for detecting a difference of 0.30 D between the treatment arms in change from baseline SER at the 5% significance level using a standard deviation of 0.69 D as demonstrated by Chia et al. \[[@CR13]\].

Results {#Sec6}
=======

There were 198 eligible charts (100 atropine and 98 controls) that qualified for the primary analysis at 1 year. Controls could not be identified for two cases, an Asian girl with baseline SER of − 8.0 D at age 10 and a Caucasian girl with baseline SER of − 7.75 D at age 11. The average age at treatment onset was 9 years old (Table [1](#Tab1){ref-type="table"}) in both groups (*p* = 0.74). The atropine-treated subjects were primarily Asian (38%) and Caucasian (35%), with smaller percentages of mixed race (7%), Native American (1%), African American (3%), and Hawaiian/Pacific Islander (4%). The ethnic background for 12% was not identifiable. The control subjects were also primarily Asian (10%) and Caucasian (39%), with smaller percentages of mixed race (2%), Hawaiian/Pacific Islander (4%), and African American (1%). The ethnic background for 44% was not identifiable.Table 1Summary by treatment groupCharacteristic/categoryStatisticControl (*N* = 98)Atropine (*N* = 100)Baseline age (years)Mean (SD)9.2 (2.11)9.3 (2.10) Age groups (*N*) (years)*N*, 6 to \< 84242*N*, 8 to \< 103231*N*, 10 to \< 121518*N*, 12 to \< 1599 Sex  Female*N*5650  Male*N*4250 Ophthalmic history  Myopia*N* (%)98 (100%)100 (100%)  Astigmatism*N* (%)88 (90%)94 (94%)  Exophoria*N* (%)21 (21%)21 (21%)  Amblyopia*N* (%)6 (6%)4 (4%)  Esophoria*N* (%)6 (6%)3 (3%)  Conjunctivitis*N* (%)7 (7%)3 (3%)Baseline SERMean (SD)− 2.8 (1.6)− 3.1 (1.9) Change from baseline SER  Year 1*N*7181Mean (SD)− 0.6 (0.4)− 0.2 (0.8)Median− 0.5− 0.3  Year 1.5*N*2049Mean (SD)− 0.9 (0.6)− 0.3 (0.9)Median− 0.8− 0.3  Year 2*N*5549Mean (SD)− 1.2 (0.7)− 0.3 (1.1)Median− 1.3− 0.3

The average SERs at baseline for the atropine and control groups were not significantly different at − 3.1 ± 1.9 D and − 2.8 ± 1.6 D, respectively (*p* = 0.23). In the atropine group, there was a trend for female patients (− 3.1 ± 1.8 D) to be more myopic than male patients (− 2.8 ± 1.9 D) (*p* = 0.33). The baseline SERs were significantly higher among Asians compared to Caucasians (− 3.6 ± 1.9 D compared with − 2.5 ± 1.7 D, *p* = 0.01). The ophthalmic history of the two groups was generally comparable (Table [1](#Tab1){ref-type="table"}), except for a slightly higher prevalence of astigmatism in the atropine group (94% vs. 90%, *p* = 0.27).

The change from baseline SER for both groups is shown in Fig. [1](#Fig1){ref-type="fig"}. At year 1, the average change from baseline was − 0.2 ± 0.8 D in the atropine group and − 0.6 ± 0.4 D among controls, yielding an absolute difference of − 0.4 D (*p* \< 0.001). Only 49% of atropine-treated subjects and 56% of control subjects had an examination at year 2. The average SER change from baseline was − 0.3 ± 1.1 D in the atropine group vs. − 1.2 ± 0.7 D among controls, yielding an absolute difference of − 0.9 D (*p* \< 0.001) by the end of year 2.Fig. 1Mean change from baseline in spherical equivalent refraction (SER) for each treatment group

At year 1, only 22% of atropine-treated subjects had worsening myopia greater than − 0.75 D compared with 41% of controls (*p* = 0.004). At year 2, both groups showed an increase in the proportion of those with worsening myopia greater than − 0.75 D: 37% of atropine-treated subjects and 80% of control subjects demonstrated myopia progression greater than − 0.75 D (*p* \< 0.001). The percentage of subjects with rapid worsening of myopia (SER \> − 1.0 D/year) was 4% and 11% for the atropine and control groups, respectively. The percentage of subjects with minimal worsening or a decrease in myopia (SER ≤ − 0.25 D/year) was 57% and 15% for the atropine and control groups, respectively, after 2 years of follow-up.

Similar results were found for the percentage of subjects with a hyperopic shift, defined as an improvement in SER by at least + 0.25 D. After 1 year, 27% of atropine-treated subjects were found to have less myopia compared with 1% of controls. After 2 years, 22% of atropine-treated subjects still had less myopia than at treatment initiation compared with 2% of controls.

An exploratory analysis indicated that the change in SER between races after 1 year of treatment was comparable. Among Caucasians, the change from baseline SER in the atropine and control groups was from − 0.3 ± 0.7 to − 0.6 ± 0.4 D, comparable to the SER change in Asians from − 0.3 ± 0.7 to − 0.8 ± 0.4 D, respectively. Atropine-treated Caucasians and Asians both had less myopic progression, − 0.3 D vs. − 0.5 D respectively, compared to control patients.

Univariate analysis using age as a continuous variable demonstrated that the effect of atropine on stabilizing the baseline SER was consistent across all age groups, but the younger subjects had more myopic progression among both atropine-treated and control subjects. For example, the youngest age group of 6--8 years (42% of the study population) progressed by − 0.3 D in the atropine group compared with − 0.7 D in the control group, a difference of 0.4 D (*p* = 0.04), while the oldest age group of 13--15 years (9% of the study population) progressed by only − 0.3 D in the control group while the atropine group actually regressed (improved) + 0.3 D, a difference of 0.6 D (*p* = 0.007).

The number of subjects with at least one adverse event was 22 (22%) in the atropine group and 27 (28%) in the control group (Table [2](#Tab2){ref-type="table"}). Some subjects had multiple symptoms. Sensitivity to light and mydriasis were reported in 1% of atropine-treated patients and in no controls. Astigmatism, either novel or worsening, was reported in ten patients in the atropine group and 22 patients in the control group. Allergic conjunctivitis was noted in 3% of the atropine group compared with none in the control group.Table 2Treatment emergent adverse eventsAtropineControlSeverityAllergy (redness and irritation)30MildAnisometropia (OU)01MildAstigmatism (novel or worsening)94MildAstigmatism (novel or worsening)118ModerateBurning and itching (OU)01MildCorneal scratch10MildDizziness10MildEnlarged cup to disc01MildDermatitis01MildEsotropia surgery01ModerateExophoria (OU)01MildExotropia10MildEye pain10MildFloaters (OU)10MildHeadaches (non-ocular)01MildLupus01MildMild season allergy10MildMydriasis10MildMyopia10MildPosterior subcapsular cataracts01MildRedness and irritation in both eyes10MildSensitivity to light10MildStrabismus surgery (OU)01ModerateTotals: events/subjects with events23/2232/27

Discussion {#Sec7}
==========

This study was a multicenter, case--control, retrospective chart review evaluating the real-world efficacy of atropine 0.01% eye drops for the treatment of progressive childhood myopia in a multiethnic population. Subjects in the control group received only typical eye care consisting of non-bifocal, non-progressive, single-vision lenses, or no treatment for low myopia. The use of single vision spectacles would not be expected to slow the progression of childhood myopia \[[@CR5]\]. Compared to usual care, atropine-treated patients experienced a significant reduction in the average myopic progression of SER from baseline after 1, 1.5, and 2 years of treatment. These data suggest that atropine 0.01% could be an effective medication to slow childhood myopia and support the conduct of prospective, controlled clinical trials in populations other than the East Asian and Spanish populations studied previously \[[@CR8], [@CR14]\].

The data from this study in a US population are consistent with previous studies in Asian populations, which also demonstrated a beneficial effect of atropine 0.01% on childhood myopia progression \[[@CR8]\]. The ATOM studies in Singaporean children showed a 0.33-D average difference between 0.01% atropine and placebo after 1 year of treatment and a 0.71-D mean difference after 2 years. In our study, the mean differences between 0.01% atropine and usual care were 0.4 D and 0.9 D after 1 and 2 years, respectively. Most atropine-treated patients experienced slowing of myopic progression, with only 37% progressing more than 0.75 D after 2 years. In contrast, 80% of controls experienced progression greater than 0.75 D over 2 years. These results were both statistically significant and clinically meaningful, given that progression beyond 0.75 D would indicate the need for a new spectacle prescription.

Atropine at higher concentrations than 0.01% has also been shown to slow myopic progression, but the real-world use of higher doses of atropine may be limited by side effects such as vision-related glare, photophobia, and near vision blur \[[@CR15]--[@CR17]\]. No safety concerns with atropine 0.01% treatment were apparent in our study. Most adverse events were mild and likely related to disease progression. Although atropine eye drops are used clinically to dilate the pupils, mydriasis and sensitivity to light were reported in only 1% of atropine-treated patients at this concentration. Treatment discontinuations were rare.

Despite a relatively small sample size, the impact of low-concentration atropine treatment was statistically significant (*p* \< 0.001). However, there are several limitations to this study. First, it is a retrospective case--control study. It is nonetheless larger than other retrospective studies in North America to date. Multiple compounding pharmacies might introduce potential variance in drug stability, types of excipients, and compliance if not properly formulated for the ocular surface. Hyperopic shifts have been reported previously in ATOM studies in the 1.0% atropine group \[[@CR8], [@CR9]\], but this study reports hyperopic shifts at a much lower strength of atropine. This finding may reflect inconsistencies in the measurement of refraction, since these children did not consistently undergo cycloplegic refractions at all examinations. Finally, ethnicity data were not available for all of the patients. It is likely, however, that the population in this study reflects the racial and ethnic diversity of the participating US cities (Long Beach, California; Dallas/Fort Worth, Texas; and Kirkland, Washington). Interestingly, most of the children in this study are from the US Sun Belt, suggesting myopia in areas of higher ultraviolet B exposure may still benefit from topical low-concentration atropine \[[@CR18]\].

The exact mechanism of action for atropine to reduce myopic progression is not currently known. Atropine has been shown to increase choroidal thickness in children \[[@CR19]\], possibly through modulation of dopamine release \[[@CR20]\], which has been correlated with a reduction in the rate of axial eye growth \[[@CR21]\]. There are also scleral muscarinic receptors that might modulate the function of scleral fibroblasts and interfere with the scleral remodeling that accompanies progressive myopia \[[@CR22]\]. The actual mechanism may include a combination of effects, but determination of the primary mechanism of action may allow more targeted therapy and/or alternative therapies for children who continue to demonstrate rapid myopic progression on treatment.

Conclusion {#Sec8}
==========

Data from this multiethnic retrospective study indicate that atropine 0.01% could be a well-tolerated and effective pharmacologic intervention for slowing progression of childhood myopia. Four large multicenter prospective trials to confirm these observations are ongoing within the USA: the CHAMP (NCT03350620), STAAR (NCT03918915), MTSI (NCT03334253), and NCT03942419 trials.
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